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In composite Higgs models the Higgs boson arises as a pseudo Nambu-Goldstone boson of an

enlarged global symmetry. The Higgs potential is generatedby loops of Standard Model fermions

and gauge bosons. To reconstruct the Higgs potential trilinear and quartic couplings must be

measured. In the composite Higgs model these couplings are modified compared to the SM and

they depend on a new parameter – the compositeness parameterξ . In this talk the Higgs pair

production cross sections in two composite Higgs models will be represented. The prospects of

extracting the triple Higgs coupling will be discussed.
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1. Introduction

The Standard Model (SM) of particle physics which has been very successful in describing
the strong, weak and electromagnetic interactions is basedon anSU(3)C×SU(2)L ×U(1)Y gauge
symmetry which is broken down to anSU(3)C×U(1)em. The mechanism of electroweak symmetry
breaking is implemented by a complex scalar field acquiring avacuum expectation value (VEV).
This field transforms as a doublet under theSU(2). Three of the four degrees of freedom of the
SU(2)-doublet become the longitudinal modes of the massive gaugebosons; one degree of freedom
is left and can be associated with the Higgs boson [1–3]. The Higgs sector of the SM is highly
restricted and the interactions of the Higgs boson to the fermions and gauge bosons are proportional
to their masses. The only free parameter of the Higgs sector is the Higgs boson mass. The Higgs
boson has another very important feature: It unitarizes thescattering of longitudinal gauge bosons
and therefore plays the role of an UV-moderator.

However, the simple description of the electroweak symmetry breaking (EWSB) in the SM
which only introduces a single fundamental scalar field has its problems. As the Higgs boson mass
is not protected by any symmetry, the Higgs mass suffers fromradiative instabilities. The Higgs
mass is quadratically divergent in the cut-off scaleΛ up to which the SM is assumed to be valid.
This makes fine-tuning necessary in order to ensure that the Higgs mass is of the order of the
electroweak symmetry breaking scale.

In order to solve this problem several models beyond the SM have been discussed. One of the
maybe most established examples is supersymmetry [4]. The SM particles get superpartners with
spins that differ by a half from the corresponding SM partner. This leads to a cancellation of the
quadratic divergences.

Another alternative is that the Higgs boson is not a fundamental scalar particle but a composite
scalar arising as a pseudo Nambu- Goldstone boson from an enlarged global symmetry [5]. There-
fore, the Higgs mass is protected by this symmetry from largeradiative corrections. However,
since the global symmetry is only approximate, loops of SM fermions and gauge bosons generate
a Higgs potential nevertheless.

In such a class of models the Higgs to fermion couplings, the Higgs to gauge boson couplings
and the Higgs self-couplings are modified. This can be testedat the LHC. Although such a deviation
from the SM couplings is no direct probe of the strong sector it would give a first hint of the nature
of electroweak symmetry breaking.

In order to understand the origin of electroweak symmetry breaking a precise measurement
of the Higgs potential is necessary. To achieve this the Higgs self-couplings must be measured.
The prospects of measuring the trilinear Higgs coupling in Minimal Composite Higgs models are
discussed in the following. More details can be found in Ref.[6].

2. Minimal Composite Higgs models

For this talk we will concentrate on the Minimal Composite Higgs models of Refs. [7,8] which
are based on a 5d description in Anti-de-Sitter space time. There exists an holographic description
in terms of a 4d strongly-coupled theory. In such an effective low-energy description the effects of
the strongly-interacting sector can be described by a single new parameterξ which is defined as
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HVV HHVV HHH HHHH H f f̄

MCHM4

√

1− ξ 1−2ξ
√

1− ξ (1− 7
3ξ )

√

1− ξ

MCHM5

√

1− ξ 1−2ξ 1−2ξ√
1−ξ

1− 28
3 (1−ξ )ξ
1−ξ

1−2ξ√
1−ξ

Table 1: Modification factors of the MCHM4 and MCHM5 with respect to the SM for the Higgs to vector
boson couplings (HVV andHHVV) the Higgs self-couplings (HHH andHHHH) and the coupling of one
Higgs boson to fermions (H f f̄ ).

ξ = v2

f 2 wherev= 246 GeV is the electroweak symmetry breaking scale andf is the scale where
the breaking of the global symmetry occurs. The valueξ = 0 corresponds to the SM andξ = 1 is
the technicolor limit. In the Minimal Composite Higgs models the bulk symmetrySO(5)×U(1)
is broken at a scalef to a subgroupSO(4)×U(1) on the IR boundary. On the UV brane the
global symmetry is broken down to the SM gauge group. In the model of Ref. [7] (MCHM4) the
fermions are in the spinorial representation. They transform in the fundamental representation in
the MCHM5 (model of Ref. [8]).1

The Higgs self-couplings and the Higgs fermion couplings depend on the representation of
the SM fermions whereas the Higgs gauge boson couplings are independent of it. In Table 1 the
modification factors of these couplings can be found.

Forξ = 0.5 in the MCHM5 the couplings of the Higgs boson to fermions of the SM vanish as
well as the triple Higgs coupling. This means that we have a fermiophobic scenario forξ = 0.5.2

In both models the two Higgs bosons to two vector boson couplings vanish forξ = 0.5.

A new coupling which plays an important role for Higgs pair production is the coupling of
two Higgs bosons to two fermions. It is given by

MCHM4 : HH f f̄ : ξ
mf

v2

MCHM5 : HH f f̄ : 4ξ
mf

v2

(2.1)

Note that this coupling vanishes in the SM limitξ → 0 as expected.

The new parameterξ as well as the Higgs mass is restricted by direct searches as well as by
electroweak precision data. Due to the LEP data, masses lower than 114 GeV can be excluded
for most values ofξ but the exclusion bounds can be relaxed a bit forξ in the region around 0.5.
Tevatron excludes the mass region between∼ 157-175 GeV for low values ofξ . For the MCHM5

an additional region for large values ofξ between 150- 200 GeV is excluded. More details on this
can be found in Ref. [10]. Direct searches from ATLAS and CMS [11] mainly restrict the lowξ
range similar to the SM constraints. For the MCHM5, some additional areas for high values ofξ
are also excluded by LHC searches. Plots including the results from December 2011 can be found

1In the MCHM5 the subgroup to which the bulk symmetry is broken is enlargedto anO(4)×U(1). This relaxes
constraints from theZbLb̄L coupling.

2Despite the vanishing couplings the fermions still get a mass since the direct coupling to the vacuum expectation
value is non-zero. This can be inferred from the Lagrangian given in Ref. [9]. There are new kinetic terms for the Higgs
fields. In order to absorb them the Higgs field must be redefined. This means that there is a non-linear dependence on
the Higgs field in the Higgs doublet. This and additional six dimensional operators lead to a redefinition of the VEV and
the Higgs, gauge boson and fermion masses.
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in [12]. More constraints come from theSandT parameters. They impose thatξ . 0.3. But this
bound can be relaxed if one assumes that there is a partial cancellation of the order of 50% with
contributions from other states.

3. Higgs pair production at the LHC

The measurement of Higgs self-couplings is an difficult but important task since it enables the
reconstruction of the Higgs potential and hence gives an insight into the mechanism of electroweak
symmetry breaking. For the SM it was found that the quartic Higgs coupling cannot be measured at
either a high-luminosity LHC [13,14] nor a high-energy linear collider [14,15]. So in the following
we will concentrate on the measurement of the triple Higgs coupling which is accessible in Higgs
pair production.

At the LHC the most important process in the SM is Higgs pair production via gluon fu-
sion [16] followed byWW/ZZ fusion [17] and double Higgs-strahlung [18]. The corresponding
Feynman diagrams can be found in Fig. 1. Note that for the gluon fusion process there is a new
diagram originating from the new coupling of two Higgs bosons to two fermions.

gg double Higgs fusion:gg→ HH

g

g

t
H

H

H

•

H

H

H

H

WW/ZZ double Higgs fusion:qq→ qqHH

H

H

q

q

W/Z

W/Z H

H

H
W/Z

H

H

double Higgs-strahlung:qq̄→ ZHH/WHH

H
H

q

q

W/Z
W/Z

H

H

W/Z

H

H

W/Z

H

Figure 1: Generic diagrams of the Higgs pair production processes at the LHC in the composite Higgs
model:gg fusion,WW/ZZ fusion and double Higgs-strahlung.

In Fig. 2 the cross sections for the three processes for the MCHM4 as a function of the Higgs
boson mass for the SM and three characteristic values ofξ can be found. The arrows in the plots
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indicate a change in the triple Higgs coupling from 50% to 150% and are hence an indicator for the
sensitivity on the triple Higgs coupling. In Fig. 3 the corresponding cross sections for the MCHM5

are shown. For the gluon fusion process we included the QCD corrections by multiplying with a
K-factor of∼ 2 [19]. For the MCHM4, the cross section for the gluon fusion process is enhanced
for all values ofξ compared to the SM. This is due to the diagram with the new coupling. It is
not suppressed by an extra propagator as it is the case for thediagram involving the triple Higgs
coupling. Therefore, it plays an important role especiallyfor large values ofξ where the coupling
strength increases. This implies that the sensitivity to the triple Higgs coupling becomes smaller not
only because the coupling itself becomes smaller with increasingξ but also because the diagram
involving the triple Higgs coupling is overwhelmed by contribution from the new diagram. Also
the cross section for vector boson fusion3 increases which is mainly due to interference effects. In
double Higgs-strahlung the cross section in the MCHM4 is always smaller than in the SM due to
decreasing coupling strength and destructive interference.

In the MCHM5, the cross section for gluon fusion is even more enhanced with ξ than in the
MCHM4. On the one side this is due to the couplingHH f f̄ which is a factor of 4 larger. On the
other hand also the other couplings are larger for large values ofξ than in the MCHM4. Note that
there is no sensitivity at all on the triple Higgs coupling for all three processes forξ = 0.5 because
the triple Higgs coupling vanishes for this value ofξ .

In order to investigate the expected experimental sensitivity to a deviation in the triple Higgs
coupling the decays of the Higgs bosons must be taken into account. We adopted the narrow-
width-approximation where the production cross section ismultiplied by the branching ratios. In
Fig. 4 the branching ratios for the MCHM4 are displayed. Since in MCHM4 all couplings are
changed by the same factor compared to the SM the branching ratios are the same as in the SM. As
can be inferred from the figure, the Higgs boson dominantly decays intobb̄ until the gauge boson
threshold is reached. AboveMH ∼ 140 GeV the dominant decay channel isH →W+W− followed
by H → ZZ.

In the MCHM5 the branching ratios depend onξ . In Fig. 5 the branching ratios are given for
two typical Higgs boson masses as a function ofξ . For low Higgs boson masses the decays intobb̄
dominate. Forξ =0.5 the fermionic branching ratios become zero, since the coupling of the Higgs
boson to the fermions vanishes. Also the branching ratio of the decay into two gluons mediated by
fermion loops becomes zero in this case. Therefore in the region aroundξ = 0.5 the Higgs boson
decays mainly intoW+W−. Also the decay intoγγ is enhanced which leads to a rather clear signal
in the Higgs boson searches. For a Higgs mass ofMH = 180 GeV the decays intoW+W− dominate
followed by the ones intoZZ. For very large values ofξ , however, the fermionic branching ratios
become more important because the couplings to vector bosons become smaller and the couplings
to fermions larger.

In order to investigate whether the triple Higgs coupling can be measured at the LHC we con-
centrate on the dominating process given by gluon fusion. Inthe following it is assumed that EWSB

3Higgs pair production via vector boson fusion is quite an important process since it is a direct probe of the strong
interaction due to its special high-energy behaviour. As itwas pointed out by Refs. [9,20] due to the modified couplings
the amplitudeWLWL → HH increases∼ ξ swheres is the center-of-mass energy squared. This means that the composite
Higgs boson cannot fully unitarize this process anymore dueto its modified couplings compared to the SM Higgs boson.
Partial wave unitarity, however, can be restored by other new resonances of the strongly-interacting sector [21].
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Figure 2: Higgs pair production cross sections as a function of the Higgs boson mass in the SM (ξ = 0,
upper left) and MCHM4 with ξ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right). Arrows indicate
the change in the cross section for a variation ofλHHH from 0.5 to 1.5 times its value in the corresponding
model. Some arrows are rescaled as indicated by appropriatefactors to make them visible.

is realized in the framework of a Minimal Composite Higgs model and that all other couplings have
been measured.4 For Higgs mass values above the gauge boson threshold the Higgs boson decay-
ing intoW+W−W+W− is the most interesting decay channel. For lower Higgs masses the decays
into 4 b-quarks give the largest number of signal events but the signal is completely overwhelmed
by the large QCD background. Better prospects for a measurement of the triple Higgs coupling are
given by the decay channels intobb̄τ+τ− andbb̄γγ. For each Higgs mass we have determined the
value ofξ where the Higgs pair production cross section with subsequent decay in the different
final states deviates by more than 1, 2, 3 or 5σ from the corresponding process where the triple
Higgs coupling is set to zero. Denoting byS the number of signal events for the process calcu-
lated in the composite Higgs model and bySλHHH

the corresponding number where the triple Higgs
coupling is set to zero, there is sensitivity to a non-vanishing triple Higgs coupling if

SλHHH=0 > S+a
√

S or SλHHH=0 < S−a
√

S with a= 1,2,3,5 .

For the MCHM4 the sensitivity areas can be found in Fig. 6. For thebb̄γγfinal state a measurement
of the triple Higgs coupling with 5σ is hopeless whereas for thebb̄τ+τ− final state for the low
Higgs mass range and theW+W−W+W− final state for large Higgs masses the prospects look
much better. For the MCHM5 the corresponding plots can be found in Fig. 7. Around the region

4The value ofξ can be measured with 20% precision [22].
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Figure 3: As in Fig. 2 but for MCHM5
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Figure 4: The branching ratios in the SM and MCHM4 as a function ofMH .

ξ = 0.5 there is no sensitivity at all to a non-vanishing triple Higgs coupling because the triple
Higgs coupling vanishes for this value.

However, these sensitivity areas represent only the ideal case where no background processes
and detector effects are taken into account. To really answer the question whether the triple Higgs
coupling can be measured an extensive analysis has to be donecf. also Ref. [23] for the SM.
But we can give a rough estimate on the outcome of such an analysis. So for example for the
W+W−W+W− → ( j jl ±ν)( j jl ±ν) final state the dominating background processes areO(αsα 3).
They have at least two strong interaction vertices. This means that there is no Higgs boson in an
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Figure 5: The branching ratios in MCHM5 as a function ofξ for MH = 120 GeV (left) andMH = 180 GeV
(right).
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Figure 6: Areas in theMH − ξ plane with sensitivity to a non-vanishingλHHH in MCHM4 for the gluon
fusion process with subsequent decay. From dark blue to light blue the regions correspond to 5, 3, 2, 1σ .
The final states are from left to rightbb̄γγ, bb̄τ+τ− andW+W−W+W−. The assumed integrated luminosity
is

∫

L = 300fb−1.

intermediate state and therefore the dominating background processes are the same as for the SM.
However, we saw that the signal cross section is enhanced compared to the SM. So in a first rough
estimate the prospects of measuring the triple Higgs coupling look at least as good as in the SM or
even better.

4. Conclusion

It has been shown that in the Minimal Composite Higgs models the cross sections for Higgs
pair production via gluon fusion and vector boson fusion areenhanced compared to the SM whereas
the cross sections of the Higgs-strahlung process is smaller than in the SM. The prospects of mea-
suring a non-vanishing triple Higgs coupling in the gluon fusion process have been investigated.
For the Higgs bosons decaying intoW+W−W+W− andbb̄τ+τ− there are large regions in the pa-
rameter space where the triple Higgs coupling might possibly be measured with an accuracy of
5σ .
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Figure 7: As in Fig. 6, but for MCHM5
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